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Mitochondrial Dysfunction in Aging-Associated Neurologic Disorders

Mitochondrial bioenergetic dysfunction is a key factor in the pathophysiology of neurologic
disorders and diseases associated with aging, including stroke, Alzheimer’s and Parkinson’s
diseases, and amyotrophic lateral sclerosis (ALS) (Soane et al., 2007; Starkov et al., 2004;
Fiskum et al., 2008; Nicholls, 2009). The consequences of this dysfunction include oxidative
stress, loss of cellular calcium homeostasis, promotion of apoptosis and metabolic failure
(Fiskum et al., 2008; Robertson et al., 2009). Considering the multiple mechanisms by
which mitochondrial impairment can lead to the death of brain cells, many experimental
neuroprotective interventions have targeted mitochondria. A much better understanding of
the effects of aging on the mitochondrial contribution to neuropathology is needed, however,
for translation of preclinical findings to clinical implementation. One mechanism of cell
death that has been implicated in many aging-related neurologic disorders is the
mitochondrial inner membrane permeability transition (MPT). Thousands of articles about
the MPT have been published but very few studies have investigated the effects of aging on
this activity.

Mitochondrial Inner Membrane Permeability Transition

The MPT is defined as the sudden increase of inner mitochondrial membrane permeability
to solutes of molecular mass less than 1,500 Daltons that is elicited in response to exposure
to abnormally high levels of Ca2* (Sullivan et al., 2005; Mazzeo et al., 2009; Soane et al.,
2007). This transition is due to the opening of a non-selective mega-channel called the
mitochondrial permeability transition pore (PTP) (Sullivan et al., 2005; Soane et al., 2007).

The actual protein that constitutes the pore has not been identified. Pore opening, or
activation, appears to result from interactions between several different mitochondrial
proteins, possibly including the adenine nucleotide translocase (ANT), cyclophilin D
(CypD), the mitochondrial phosphate carrier (PiC), and other polypeptides (Figure 1)
(Mazzeo et al., 2009; Bazil et al., 2010). CypD, a cis-proline isomerase, plays a crucial role
in protein folding and is the only protein that definitely plays an important role in regulating
PTP opening, as demonstrated with CypD knockout animals (Nakagawa et al., 2005). CypD
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is activated by elevated intramitochondrial Ca?* and may also act as a redox sensor,
promoting PTP opening when conditions favor oxidation of protein sulfhydryl groups
(Tsujimoto and Shimizu, 2007; Linard et al., 2009). CypD is located in the mitochondrial
matrix when the PTP is closed. Conditions that promote PTP opening result in the
association of CypD with the mitochondrial inner membrane with conformational changes
of the ANT (Mazzeo et al., 2009). CypD is also the target for specific cyclophilin drugs,
e.g., cyclosporin A, which are effective at inhibiting PTP opening under many but not all
conditions. While the prevailing dogma is that an altered conformation form of the ANT
actually constitutes the PTP, recent evidence suggests that the PiC may actually constitute
the pore or is at least as important as the ANT in regulating PTP opening (Halestrap, 2010).

Induction of the MPT results in increased conductance of the inner mitochondrial membrane
and subsequent collapse of the electrochemical gradient of protons, causing uncoupling of
oxidative phosphorylation and release of accumulated intramitochondrial Ca2* (Rasola et
al., 2010). Pore opening can also lead to osmotic swelling, due to the net influx of ions like
K*, which is attracted by the exceptionally high concentration of net negatively charged
protein present in the mitochondrial matrix. While the mitochondrial matrix space can
increase dramatically due to expansion of the convoluted inner membrane, the relatively
inflexible outer membrane eventually ruptures, releasing intermembrane proteins, e.g.,
cytochrome c, present within the inner and outer membranes. Loss of cytochrome ¢ and, or
loss of matrix NAD(H) directly through the PTP can cause respiratory inhibition in addition
to the uncoupling associated with the flux of protons and other ions through the PTP
(Sullivan et al., 2005; Fiskum et al., 2004; Robertson et al., 2009; Mazzeo et al., 2009; Bazil
et al., 2010).

Promotion of Mitochondrial Permeability Transition by Oxidative Stress

Oxidative stress is caused by an imbalance between production of reactive oxygen species
(ROS) or reactive nitrogen species (RNS) and their detoxification (Wang and Michaelis,
2010). While greater than 99% of the O, consumed by metabolically active mitochondria is
reduced to H,O, up to 1% can be reduced by a one electron transfer producing superoxide
anion radical (Kowaltowski et al., 2009).. Superoxide normally either reacts (dismutates)
with itself forming hydrogen peroxide (H,O5) or reacts with nitric oxide radical, forming
peroxynitrite anion (ONOO™). As shown in Figure 1, metabolism of hydrogen peroxide and
other peroxides via mitochondrial glutathione peroxidase and reductase results in oxidation
of reduced glutathione. If this oxidation is not matched by NADPH-dependent reduction of
oxidized glutathione, then thermodynamically favorable oxidation of protein cysteine
sulfhydryl groups occurs due to the lack of their reduction via the thioredoxin / thioredoxin
reductase system and possibly other enzymes. Moreover, H,O, can be reduced by ferrous
iron, which is abundant in mitochondria, producing hydroxyl radial, which is possibly the
most directly damaging of all biological free radicals reacting with many protein amino
acids, DNA and RNA and unsaturated fatty acyl groups. A similar spectrum of targets is
exhibited by peroxynitrite and its metabolite nitrogen dioxide, which are best known for
generating nitrotyrosines and nitrosocysteines on proteins, including many important
mitochondrial metabolic enzymes (Mather and Rottenberg, 2000; Sullivan et al., 2005;
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Wang and Michaelis, 2010; Fiskum et al., 2004), but also react with unsaturated fatty acids
forming bioactive nitro-fatty acids (Groeger and Freeman, 2010).

The probability of mitochondrial PTP opening is modulated both positively and negatively
by many factors (Soane et al., 2007). Oxidative stress and abnormally high levels of
intramitochondrial Ca2* are probably the two most important activators (Robertson et al.,
2009; Mather and Rottenberg, 2000; Lemasters et al., 2009; Gunter and Pfeiffer, 1990;
Halestrap, 2010). These two factors interact synergistically, as reflected by the fact that
much lower levels of Ca2* are required to activate the PTP when mitochondria are
oxidatively stressed by exposure to peroxides (Fiskum, 2000). While most studies point
toward oxidation of sulfhydryl groups on either CypD or the ANT as promoters of Ca%*-
activated MPT, one new study indicates that S-nitrosylation by nitric oxide or one of its
metabolites actually inhibits PTP opening (Leite et al., 2010). More work is clearly
necessary to determine precisely which sulfhydryl groups on which proteins control PTP
opening and what type of oxidative modifications either increase or decrease sensitivity to
pore opening.

Inhibition of Mitochondrial Permeability Transition by Bcl-2 Family Proteins

The Bcl-2 family of anti-death proteins is best known for the ability to inhibit
mitochondrial-dependent apoptosis, also known as the intrinsic pathway of apoptosis. The
simplest explanation for this inhibition is that these proteins heterodimerize with either pro-
apoptotic proteins, e.g., Bax, and Bak, or with apoptotic accessory proteins, e.g., truncated
Bid and Bim, thereby interfering with their interactions with each other. The interaction
among the pro-apoptotic proteins can result in polypeptide oligomerization and megapore
formation in the mitochondrial outer membrane, allowing for the release of other pro-
apoptotic proteins, e.g., cytochrome ¢ and AlF, from the mitochondria into the cytosol,
where they lead to either caspase-dependent or caspase-independent apoptosis, respectively
(Kuwana et al., 2002). Bcl-2 and related proteins also protect against necrotic death,
possibly by mechanisms unrelated to Bax or Bak-mediated outer membrane pore formation
(Soane et al., 2007). One possible mechanism is inhibition of PTP opening. Overexpression
of Bcl-2 family proteins, including Bcl-2, Bcl-x;, and Mcl-1, in cell lines inhibits CsA-
sensitive mitochondrial permeability transition induced by Ca%* plus exposure to peroxide
(Kowaltowski et al., 2004). This resistance to peroxide-induced PTP opening is associated
with resistance to oxidation of NAD(P)H by peroxide (Kowaltowski et al., 2000). While the
mechanism by which Bcl-2 and related proteins confers resistance to both peroxide-induced
pyridine nucleotide oxidation and Ca2* release has not been identified, it may be related to
the effects of these proteins on mitochondrial production of reactive O, species.
Surprisingly, overexpression of Bcl-2, Bcl-xL, or Mcl-1 all result in a higher level of
respiration-dependent mitochondrial ROS (H,0,) production (Kowaltowski et al., 2004).
This small but significant increase is accompanied, however, by a large increase in maximal
peroxidase activity, which is likely to be responsible for both the resistance to peroxide-
induced NAD(P)H oxidation and Ca?* release by mitochondria from Bcl-2 family
OVErexpressors.
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The reason why a small increase in mitochondrial ROS production may lower the sensitivity
to oxidative stress, including that which triggers PTP opening, may relate to the control over
antioxidant gene expression exerted by the transcriptional activating factor Nrf2. This
protein is released from its cytosolic binding partner, KEAP1, when specific cysteine
sulfhydryl groups on KEAP1 are oxidized by reaction with electrophiles, e.g., ROS and
organic chemicals like the isothiocyanate sulforaphane (Greco and Fiskum, 2010a).
Following serine phosphorylation, Nrf2 then translocates to the nucleus where it binds to
antioxidant response elements (ARES) and promotes the expression of possibly 100 different
genes including antioxidant enzymes like glutathione peroxidase (Kaspar et al., 2009). Thus,
the increase in mitochondrial ROS production which accompanies Bcl-2 overexpression
may act as a mild stressor and therefore a preconditioning stimulus for expression of
antioxidant enzymes including those that provide resistance to redox-regulated PTP opening
(Greco and Fiskum, 2010a). This explanation might also explain some of the very early
reported effects of Bcl-2 on cellular redox state and resistance to cell death caused by
oxidative stress. For instance, Ellerby et al. reported that the expression of Bcl-2 causes a
shift in glutathione redox state to a more reduced level, as evidenced by an increase in
[GSH] / [GSSH+GSH] ratio, enhancement of protein free thiol groups, and an increased
ratio of reduced to oxidized pyridine nucleotides (Ellerby et al., 1996). This shift to a more
reduced cellular environment should inhibit PTP opening and also confer resistance to other
targets of oxidative stress. It is possible, however, that Bcl-2 could also have direct effects
on PTP opening mediated through protein-protein interactions. Cyclosporin A can enhance
the ability of Bcl-2 to inhibit truncated Bid-induced cytochrome c release by mitochondria
(Eliseev et al., 2009). While this effect is not mediated by PTP opening, the additional fact
that Bcl-2 co-immunoprecipitates with cyclophilin D suggests that Bcl-2 could directly
inhibit PTP opening, at least under some conditions. Such direct interaction of both Bcl-2
and pro-apoptotic proteins like Bax with PTP components resulting in PTP regulation was
also proposed by Narita et al (Narita et al., 1998).

Effects of Aging on Mitochondrial Permeability Transition

The vast majority of research on mitochondrial PTP has used tissue from young adult
animals or cultured cells, while very little information about the effects of aging on
sensitivity or regulation of PTP opening is available. Mather and Rottenberg demonstrated
enhanced susceptibility to PTP activation with excessive Ca2* uptake by mitochondria
isolated from the brains and livers of 20 month old compared to 3 month old mice (Mather
and Rottenberg, 2000). They also obtained evidence for similar enhanced sensitivity to PTP
opening in intact thymocytes from aged mice, indicating that this effect can be observed
under true intracellular conditions. Brown et al observed increased Ca2*-induced osmotic
swelling and ROS production in mitochondria isolated from the cerebral cortex or
hippocampi but not from cerebella from 25 month old compared to 4 or 13 month old rats;
however, no experiments were performed with cyclosporin A or other conditions that would
directly implicate PTP activity (Brown et al., 2004). Similarly, LaFrance reported enhanced
sensitivity to Ca2*-induced PTP in cortical mitochondria but not striatal mitochondria from
32 month old compared to 24 month old or younger rats (LaFrance et al., 2005).
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Evidence also indicates increased PTP activity with aging in mitochondria from tissues other
than the brain. For instance, the Ca2* uptake capacity and the ability to maintain membrane
potential during Ca2* uptake are lower in mitochondria from the hearts of 25 month old
compared to 5 month old rats (Petrosillo et al., 2010). This aging effect is associated with
increased oxidation of cardiolipin, a mitochondrial inner membrane-selective phospholipid
involved in regulating PTP opening. Moreover, treatment of rats with the antioxidant
melatonin inhibits both loss of Ca2* uptake capacity and cardiolipin oxidation, suggesting
that age-related mitochondrial oxidative stress is responsible for these alterations. A similar
age-associated rise in PTP activity specifically in interfibrillar heart mitochondria was
observed with no apparent increase in either cyclophilin D or adenine nucleotide translocase
immunoreactivity (Hofer et al., 2009). These and other studies provide significant evidence
that cardiac mitochondrial PTP activity increases as animals age and also suggest that
sensitivity to inhibition by cyclosporin A may decrease with age (Di and Bernardi, 2005)
(Garcia et al., 2009).

Effects of Aging on Regulators of Mitochondrial Permeability Transition

Several lines of research indicate that age-related changes in redox state or oxidative stress
could affect PTP opening. Parihar et al reported a substantial decline in resting reduced
pyridine nucleotide concentrations cultured hippocampal neurons prepared from aged rats
(Parihar et al., 2008). This loss was also reportedly sufficient to limit mitochondrial
dehydrogenase-dependent maintenance of redox potentials after exposure to excitotoxic
levels of glutamate. They and others also demonstrated a 10 fold decrease in the reduced to
oxidized glutathione (GSH/GSSH) ratio in the neurons from aged rats or the brains of aged
mice(Pallardo et al., 1998; Parihar et al., 2008). In addition to potentially greater
susceptibility of mitochondria to oxidative stress caused by these redox effects,
mitochondrial production of ROS increases in aging rat brain and other tissues (Sawada and
Carlson, 1987). Sen et al also reported that there is a significant difference in ROS
generation in young versus aged rats (Sen et al., 2007). Experiments with flies showed that
the rate of mitochondrial oxygen radical and peroxide generation increases approximately
75% with aging (Yan and Sohal, 1998). Taken together, these findings strongly suggest that
age-related oxidative stress could be an important factor in increasing the sensitivity of brain
mitochondria to PTP opening (Zorov et al., 2009) (Macho et al., 1997; Parihar et al., 2008).

Impaired calcium homeostasis is thought to be important in the degenerative processes of
aging as well as playing a key role in the secondary necrotic cell death following an acute
ischemic or traumatic event (Crompton, 2004; Fiskum et al., 2008). The calcium hypothesis
of aging proposes that early in the aging process, calcium homeostasis in brain cells
becomes dysregulated, leading to functional impairment (Toescu et al., 2004; Xiong et al.,
2002). There are many ways that abnormally elevated cytosolic Ca2* can injure cells,
including stimulation of mitochondrial Ca2* uptake, which is normally almost negligible at
normal cytosolic Ca2* concentrations of around 0.1 pM (Nicholls, 2009). Mitochondrial
Ca®* uptake per se is not deleterious unless accumulation over time is sufficient to trigger
PTP opening or other forms of mitochondrial injury. While some reports indicate that there
is no significant difference in resting intra-neuronal [Ca2*] with aging (Xiong et al., 2002),
recovery of cytosolic Ca2* to baseline after even physiological elevations in Ca?* is
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relatively slow in neurons of aged rat brains compared to young brains (Toescu et al., 2004).
Mitochondria in aged neurons are also relatively depolarized, which might either explain the
slow return of [Ca2*] to baseline or might reflect damage to at least a subset of mitochondria
caused by a time-averaged increase in cytosolic [Ca%*] (Xiong et al., 2002) (Toescu and
Vreugdenhil, 2010).

In addition to changes in Ca2* and redox state, which induce the MPT, changes in levels of
proteins associated with the PTP occur with aging. Marzetti et al. demonstrated an increase
in the ratio between CypD and ANT with aging and postulated that this increase is
responsible for higher susceptibility to PTP opening (Marzetti et al., 2008). Other work
substantiates a link between mitochondrial levels of CypD and PTP activity during brain
development. Eliseev et al. showed with RT-PCR and immunoblots that CypD expression is
progressively down-regulated during brain development during early neonatal life (Eliseev
et al., 2006). The increased resistance to Ca2* induced MPT which occurred with maturation
was attributed in part to the reduced expression of CypD. It remains to be established,
however, whether this same cause-and-effect relationship can explain an increase in PTP
opening in mitochondria from the brains of aged rats.

The adenine nucleotide translocase (ANT) is another important protein associated with the
PTP that is thought to be affected by the aging process (Yan and Sohal, 1998; Gouspillou G.
etal., 2010). ANT is a small but abundant protein in the inner mitochondrial membrane and
is responsible for the selective and reversible exchange of ADP for ATP across the
mitochondrial inner membrane under physiological conditions (Zorov et al., 2009). One
explanation for PTP opening is that abnormally high intramitochondrial Ca2* causes a
conformation change in the ANT resulting in loss of substrate specificity and conversion to
the non-specific PTP (Halestrap and Brenner, 2003). As stated earlier, the ANT may also be
an integral component of the PTP or a site where sulfhydryl oxidation occurs that promotes
PTP opening. It is therefore potentially important that ANT is oxidatively modified during
aging in several tissues, including rat liver, heart, and skeletal muscle. Chen et al reported
that rat liver mitochondrial ANT is susceptible to and impaired by lipid peroxidation (Chen
et al., 1995). Subsequently Girén-Calle and Schmid reported peroxidative modification of
heart mitochondrial ANT even under very mild peroxidative conditions (Giron-Calle and
Schmid, 1996). Yan and Sohal reported that ANT is the only protein present in
mitochondrial membranes that exhibits a detectible, age-associated increase in carbonyl
groups and that this corresponds with loss of normal transport activity (Yan and Sohal,
1998). Further work is necessary whether these age-related oxidative modifications to the
ANT also occur in the brain and if they actually promote PTP opening.

In addition to changes in PTP associated proteins with age, alterations in membrane lipids
may contribute to increased PTP sensitivity. Cardiolipin is a phospholipid that is particularly
rich in unsaturated fatty acids and localized almost entirely in the inner mitochondrial
membrane (Petrosillo et al., 2008). The ANT is bound to six molecules of cardiolipin, which
are necessary for its normal transport activity. Cardiolipin peroxidation and its subsequent
effects on ANT structure and function may be a primary cause of impaired ANT activity
with aging (Yan and Sohal, 1998; Giron-Calle and Schmid, 1996). Although not yet
demonstrated with brain mitochondria, the age-dependent oxidation of cardiolipin observed
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in heart mitochondria appears responsible for the similar age-dependent increase in PTP
activity (Petrosillo et al., 2010).

There has been considerable research on changes in the expression of the Bcl-2 family of
proteins with aging in several tissues. It is well established, for instance, that there is a
general decreased expression of pro-apoptotic Bcl-2 family proteins in brain mitochondria
during early postnatal brain development (Soane et al., 2007). Pollack et al. determined the
levels of Bcl-2, Bax and the Bcl-2/Bax ratio in the heart, skeletal muscle and brain of 6
month versus 24 month rats (Pollack et al., 2002). They found that in the brain there is no
change in Bcl-2 but a decrease in Bax, resulting in an increase in Bcl-2/Bax ratio. In
contrast, the heart exhibits a decrease in Bcl-2 and maintenance of Bax, resulting in the
decrease of the Bcl-2/Bax ratio in old versus young rats. Research by Marzetti et al. found
that the mitochondrial levels of both anti-apoptotic Bcl-2 and proapoptotic Bax were
significantly increased in the gastrocnemius of an aged rat, with no age related change in the
Bcl-2/ Bax ratio (Marzetti et al., 2008). While there are no consistent changes among
different tissues, there are significant changes in mitochondrial apoptotic proteins that occur
with the aging process. By extension, therefore, changes in regulation of the MPT related to
a potential decline in mitochondrial Bcl-2 could occur with aging.

As mentioned earlier, the “antioxidant” effects of Bcl-2 and other related mitochondrial anti-
death proteins may actually due to cellular stress responses compensating for mild oxidative
stress caused by these proteins at the mitochondrial level. Nrf2 is a transcriptional activating
factor that often promotes transcription of antioxidant and related genes, and its
pharmacologic activation inhibits redox-regulated PTP opening in mitochondria from
normal young rats (Greco and Fiskum, 2010b). While there is no information available
about the levels of Nrf2 or its transcriptional activating activity in the brains of aged rats,
one study found a significant, 30% decline in Nrf2 immunoreactivity in the hearts of 24
month old rats compared to those of 3 month old animals (Jacob et al., 2010). Another study
focusing on the effects of high fat diets on cognition found that brain Nrf2 levels and
signaling activity were significantly reduced by a high fat diet given to 20 month old mice
and were associated with significant elevations of brain protein carbonyl groups (Morrison
et al., 2010). It will therefore be important to determine if antioxidant gene expression under
the control of Nrf2 in brains from normal aged rats is impaired, whether this in turn
promotes sensitivity to brain mitochondrial PTP opening, and whether agents that stimulate
Nrf2 dependent gene expression are as mito-protective and cyto-protective in aged rats as
they are in normal mature animals.

Conclusions and Future Directions

The mitochondrial membrane permeability transition is a well-studied phenomenon that is
not, however, well-characterized at the molecular level. Nevertheless, it is strongly
implicated in the pathophysiology of aging-associated neurological disorders and is
therefore a potential target for neuroprotective interventions in this age group. Some
evidence from animal models indicates that the MPT is more active or at least more
sensitive to activation in aged animals, such as rats that are equal to or greater than 24
months old, roughly equivalent to humans greater than 80 years old. At this juncture, most
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studies point toward conditions, e.g., oxidative stress and Ca2* dyshomeostasis, as the most
important age-related regulators that may promote sensitivity to PTP opening. The finding
that overexpression of anti-death proteins, e.g., Bcl-2, inhibit PTP opening and that these
proteins can act at the mitochondrial level to slightly elevate ROS production but also
stimulate a larger expression of antioxidant proteins could be a clue for the development of
effective interventions. Moreover, the fact that Bcl-2 overexpression elevates levels of
glutathione and peroxidase activities points toward endogenous genomic responses to
sublethal stressors as a potential avenue toward neuroprotection. Pharmacologic stimulation
of antioxidant protein expression by activators of the Nrf2 pathway of gene expression
increases resistance of redox regulated PTP activity in normal, young rats (Greco and
Fiskum, 2010b). However, it has yet to be determined whether these same agents are also
effective in aged animals for both increasing mitochondrial resistance to oxidative stress and
PTP opening as well as for neuroprotection in aged-associated neurologic disorders and
neurodegenerative diseases.
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Figure 1. Proteins associated with mitochondrial permeability transition pore and its regulation
by mitochondrial redox state

Electrogenic efflux of proteins driven by redox energy released from the mitochondrial
electron transport chain (ETC) generate a positive outside membrane potential which drives
the electrophoretic influx of extramitochondrial Ca?* into the mitochondrial matrix.
Excessive influx activates the permeability transition pore (PTP), mediated by binding of
Ca?* to cyclophilin D (CypD), which is also the site of PTP inhibition by the drug
cyclosporin A (CsA). Other proteins that either mediate or regulate pore formation include
the adenine nucleotide translocase (ANT) and the phosphate carrier (PiC). Pore opening is
sensitive to mitochondrial redox state possibly via the sulfhydryl redox state of cysteines
present on either CyD or ANT. Mitochondrial protein sulfhydryls are maintained in a
reduced state through both the thioredoxin/ thioredoxin reductase system (TR/TRRXx) or by
the glutaredoxin/glutaredoxin reductase system. Either system is dependent on reduced
glutathione (GSH), which is kept in a reduced redox state by the NADPH-dependent
glutathione reductase (GRx). Oxidative stress can promote PTP opening by shifting
mitochondrial glutathione redox state to a more oxidized level via the metabolism of
peroxides by glutathione peroxidase (GPx).
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Factor

Change with Age

References

Cell calcium homeostasis

Slow recovery after a rise in cytosolic Ca?*

(Toescu et al., 2004)

Redox State Decline in resting reduced pyridine nucleotide levels; increased (Parihar et al., 2008; Sen et al., 2007)
ROS production
Cyclophilin D Increases (Marzetti et al., 2008)

Adenine Nucleotide Translocase | Oxidative modification

(Giron-Calle and Schmid, 1996)

Bcl-2

Expression changes varying in tissues

(Pollack et al., 2002)
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